Deposition of tar balls along the coast of Goa, India is a common phenomenon during the southwest monsoon.
Introduction
Goa, situated along the central west coast of India, is one of the major global tourist destinations because of its attractive beaches with essential recreational activities. The economy of Goa primarily depends on tourism.
However, the Goa coast is often under the menace of tar balls, which has become a common phenomenon during the southwest monsoon season (Dhargalkar et al., 1997). During August 2010, most of the Goa beaches were affected by tar ball deposition, whereas, in May 2011, the tar ball deposit was found only along the Mandrem beach, north Goa. This deposition attracts a huge public concern as the on-going recreational activities on beaches get seriously affected, which in turn affects the tourism industry, and the Government of India is concerned about this environmental problem. Moreover, the tar ball being a carcinogenic, it affects the marine life and tar ball pollution degrades health of the coastal waters off Goa. Therefore, tracing of the sources of these tar balls is highly important and essential. In this context, as a part of the scientific project, 'Finger-printing of oil spills and tar balls along the Indian coast', the present study has been carried out.
Recent techniques in source identification of tar balls
Several studies have been conducted worldwide for tracing the source of tar balls deposited along the beaches since 1970s. However, there is no single method that can fully fingerprint the oil spills. Fingerprint analysis mainly depends on the type of oil spilled, ambient prevailing weather and oceanographic conditions and weathering processes Spreading and evaporation are the initial processes for weathering to start, followed by dissolution, biodegradation, photooxidation, emulsification and sedimentation, and therefore, properties of the spilled crude oil alter significantly. Pristane (C 19 H 40 ) and Phytane (C 20 H 42 . These biomarkers were hydrocarbon groups normally present in petroleum and its products, and are used for chemical fingerprinting because they preserve most of the carbon skeleton of the original product. The terpane and sterane biomarkers are less degradable and undergo less weathering as compared to n-alkanes and isoprenoid hydrocarbons (Volkman, 1984) . The fingerprinting of terpane and steranes is a powerful tool for tracking the source of long-term weathered oil. Christensen et al (2007) reviewed the practical aspects of chemometrics for oil spill fingerprinting and provided a basis for the use of chemometric methods in tiered oil spill fingerprinting. Biomarker compounds such as isoprenoid alkanes, hopanes and polycyclicaromatic hydrocarbons (PAHs) have been proposed as molecular markers to identify the sources of oil pollution. The diagnostic ratios of alkanes, hopanes and polycyclic aromatic hydrocarbons were used to categorize the sources and weathering of tarballs deposited along the Malaysian beaches. Low molecular weight/high molecular weight ratios (L/H) of both alkanes and PAHs together are useful in categorizing the weathering effects of tar balls (Chandru et al., 2008). However, in cases such as the diagnostic ratios of biomarkers are un able to distinguish the source, or when the sample are formed due to mixing of different crude oils, the GC and GC/MS data fingerprint techniques could be , therefore in such conditions, the compound specific isotope analysis can be a useful tool to identify or to differentiate the different samples particularly for the sample that have undergone extensive weathering, sample having the absence of biomarker compounds (steranes and terpanes); and the products have the similar chromatograms (Mansuy et al., 1997 , Yim et. al., 2012 . When diagnostic ratios of biomarkers fail to distinguish the source or when different crude oils are mixed with, the normal fingerprint techniques may be ambiguous and inconclusive. In such situations, the compound specific isotope analysis will be a useful tool to identify or differentiate different samples, particularly the samples that have undergone extensive weathering, samples in which biomarker compounds such as steranes and terpanes are absent and the products having similar chromatograms (Yim et. al., 2012) . The δ 13 C values of individual n-alkanes are unaffected by the weathering processes and can be used as a potential tool to identify the source of an oil spill, especially in the case of spills that have low concentration of biomarkers (Li et al., 2009) . Mazeas et al (2002) studied the oil residues, oil bird feathers and tar balls that are deposited along the Atlantic coast of France after the Erika oil spill. He used alkane, PAH quantification in addition to the bulk and molecular 13 C/ 12 C ratio measurements. Bulk stable carbon isotopic composition confirmed the source of north Atlantic coast samples as Erika oil spill, whereas these values are higher for the samples collected along the southern part of the coast. If carbon isotopic profiles of different samples have similar appearance it shows that all the samples have come from a single source, whereas, if each sample has individual isotopic profile, that shows that they are from independent sources. Based on the carbon isotopic profiles, Mazeas et al., 2002 confirmed that oil residues deposited along the Pereire beach have the same isotopic profile as tar balls that were collected along the Salie beach. He also found that sample of Crohot beach and small tar ball sample collected from the Salie beach shows individual isotopic profiles, indicating that they have originated from independent sources. Mazeas et al., 2001 described the new analytical procedure to measure the stable carbon isotopic composition of polycyclic aromatic hydrocarbons (PAHs) in petroleum and sediments.
He applied this procedure to sediment samples that are contaminated by the Erika tanker spill and confirmed that its contamination is due to the Erika oil spill. Betti et al., (2011) also provided a review of uses of isotope analysis: a tool to track the source and levels of chemical and biological contamination and tracking the organic pollutants.
The present study primarily aims at applying the fingerprint techniques, such as diagnostic ratios of alkanes and triterpanes coupled with compound specific isotope analysis, on the tar balls that are deposited along the Goa coast, in an attempt to identify the source of tar balls. The results are compared with the available MECO and SEACO database and the results of BH sample analysis. This is the first study on fingerprinting of tar balls in the coastal waters of India.
Methodology

Sample collection
Altogether six tar ball samples, representing five locations on Goa beaches and one BH Crude oil -assuming it as the possible source, were used for analysis in the present study. Four tar ball samples were collected from
Candolim and Calangute beaches in the north Goa and Colva and Benaulim beaches in the south Goa, whereas, two samples were collected from the Mandrem beach in the north Goa. 
Chemicals
Authentic standards for alkanes and PAH were purchased from Sigma Aldrich, USA, and hopane standard 17β(H)21α(H)-hopane (C 30 17β) was purchased from Chiron, Norway. A 100-200 mesh silica gel was baked at 400 o C for 4 hours, cooled, then activated at 200 o C overnight and deactivated with 5% of distilled water. Organic solvents were distilled in glass before use. All glassware were washed with detergents and tap water and then rinsed with methanol, acetone and hexane.
Extraction and Fractionation
BH crude oil and the collected tar ball samples were precisely weighed as 22.5mg and 35mg, respectively and dissolved in excess n-hexane and transferred to 5% H 2 O deactivated silica gel column (1cm i.dx 9cm).
Hydrocarbons ranging from alkanes to PAH were eluted with 20 mL of DCM/hexane (1:3 v/v); 5 gm of activated copper was added to the collected elute and allowed to stand overnight to react with sulphur. Then the copper was removed and the sample was subjected to roto-evaporation to decrease the volume to 2 mL. The sample was then transferred to the fully activated silica gel column (0.47cm i.d x 18 cm). Two fractions were eluted. The first fraction was eluted with 4 mL of hexane containing the aliphatic and alicyclic hydrocarbons (Aliphatic hydrocarbon Fraction). The second fraction was eluted with 16 mL of hexane/DCM (3:1, v/v) containing the higher molecular weight PAHs (Aromatic Fraction). These two fractions were evaporated to dryness under the nitrogen blow down and rinsed with DCM HPLC grade and transferred to 1.5mL ampule, and added with 200 µL isooctane for further GC-MS analysis.
Gas Chromatography-Mass spectroscopy (GC/MS) analysis
Analyses for n-alkane, PAHc and hopanes were performed on a Shimadzu QP5050A gas chromatograph and mass spectrometer with a Shimadzu AOC-20i autosampler. A 30m × 0.25mm id (0.25 µm film thickness) fused silica capillary column was used. The carrier gas used was helium (1mL/min). The injector and detector temperatures were set to 230 o C and 300 o C, respectively for alkane and PAH analysis, whereas, they were 300 o C
and 230 Relative standard deviation of the individual alkanes and hopane standard 17β(H)21α(H) concentration were less than 10% and 15%, respectively.
Gas Chromatography-Isotope Ratio Mass Spectroscopy (GC/IRMS)
Carbon isotopic ratios of individual n-alkanes have been determined on Thermo Delta V-plus GC-C-IRMS 
Results and Discussion
General
Several unknown oil spills and their products using GC/MS is the best method available today to identify the source. In the present study, we have taken 6 representative tar ball samples and one crude oil sample for specific target analyses, including individual n-alkanes (C 12 to C 36 ), isoprenoid hydrocarbons (pristane and phytane) and PAHs to characterize the samples. In addition, the biomarkers such as pentacyclic terpanes and the compound specific stable carbon isotope ratios were also used to fingerprint the source of the tar ball. The data for MECO and
SEACO were taken from Zakaria et al (2000).
Tar balls form whenever incidents such as tanker accidents, oil well blow-outs, natural oil seepage and discharge of ballast water and tanker-wash occur. When the spilled oil mixes with sand or any other material by wave action, the tar ball forms and acquires in situ property of the ambient area. The composition of tar ball, therefore, gives primary information on its origin. The Carbon Preference Index (CPI) defined by Bray and Evans (1961) is one such method, which gives information on composition of tar balls. The CPI value is approximately 1.0 for floating tar balls (Zsolnay, 1978) and petroleum oil (Wang et al., 1998) . The CPI values of the present samples also range from 1.09 to 1.11(Table1), which indicates that the present tar ball samples contain petroleum, and they have floating tar ball characteristics.
Diagnostic ratios of n-alkanes
It is necessary to find out the weathering effect of tar balls to correlate tar ball properties with the kind of crude oil. For this purpose, Alkanes and PAHs compounds were studied. The ratio L/H (Low Molecular Weight/High Molecular Weight) indicates the relative depletion of Lower Molecular Weight (LMW) compounds relative to the Higher Molecular Weight (HMW) compounds. If L/H ratio of tar balls is less than that of crude oil, then the higher molecular weight compounds are dominant over the LMW compounds. The L/H-alkane ratios for present tar ball samples are in the range 0.69-0.93 (Table 1) , except for Mandrem-1 sample, whereas, for crude oil such as MECO and SEACO (Zakaria et. al, 2000) and BH (one sample, Moldwan, 1993). UCM is an envelope/hump that appears in the GC traces between the solvent baseline and baseline of resolved peaks. It is an indicator of the biodegradation or heavily weathering petroleum (Volkman et al., 1997) . Booth et al (2007) studied the identification of individual petroleum derived hydrocarbons in unresolved complex mixtures (UCMs) accumulated by mussels. They resolved very narrow peaks using the two dimensional GC coupled with time-of -flight-MS. ToF-MS detects narrow chromatographic peaks very fast upto 1000 full scan spectra s -1 . Low L/H ratios for alkanes suggest that samples lost the lower molecular weight components. The absence of UCM suggests neither biodegradation nor severe weathering, but it indicates that the samples lost the lower molecular weight components by processes other than weathering or biodegradation. UCM is not observed in the present tar ball samples (Fig. 2) , explaining that the samples are not biodegraded. During long transportation journey, paraffin wax (n-alknaes) of crude oil sticks to the tanker walls. This n-alkane is discharged into the sea during tanker washing. Therefore, tanker derived tar balls are rich in higher molecular weight alkanes (Zakaria et al., 2001 ). In addition, there were no tanker accidents, oil well blow outs and other significant sources that cause oil spills in the Sea, prior to the tar ball deposition. Therefore, we concluded that the tar balls might have been originated from the tank-wash. Therefore, it is apparent that all the tar ball samples are chemically consistent with similar properties, and have come from the same source. Thus, the absence of UCM and low L/H ratio suggest that the tar balls might have been formed due to tanker wash.
Elmendorf et al. (1994)
suggested that the ratio of PAH degradation in the environment decreases with the number of rings and increase in the degree of branches within a homologous series. Further, Hegazi et al., (2004) suggested that highly branched PAHs are useful for the identification of original oil present in the marine environment. Petroleum consists of various PAHs, alkylated PAHs and their configured isomers. In the present study, we have monitored only selected 16 EPA priority PAHs. The results of our analysis are presented in Fig. 3 .
The results are in consistent with our n-alkane analysis. Except for the samples collected from Calangute, other tar balls are abundant in LMW components (Dibenzothiophine, Phenanthrene, 3-Methyl-phenanthrene, 2-Methylphenanthrene, 9-Methyl-phenanthrene, 1-Methyl-phenanthrene, 2-Methylanthracene, Fluoranthene, Pyrene),
suggesting that these samples were weathered slightly, whereas, the Calangute sample weathered severely.
However, there still exists a gap in understanding the depletion of HMW components (1-MethylPyrene, Chrysene, Benzo(k)fluoranthene, Benzo(e)pyrene, Benzo(a)pyrene). Detailed study is required to understand this feature observed in the PAH analysis. Table 1 ). This also supports the fact that the tar balls must have been originated from the SEACO. However, the BH crude is also abundant in Oleanane, so the source could be BH as well. When the cross-plot diagram (Fig. 6 ) of diagnostic ratios of C 29 /C 30 vs ∑C 31 -C 35 /C 30 were compared with the data of MECO and SEACO, it was observed that all the tar ball samples fall under the SEACO category. BH crude oil also falls in this same category.
Source Specific Biomarkers-Outcome
The source specific biomarker diagnostic ratios that we obtained remain inconclusive as they fail to differentiate between the two crude oils SEACO and BH. Therefore, in order to confirm the source, the tar ball samples were subjected to compound-specific carbon isotope analysis.
Compound Specific Isotope δ 13 C analysis
The compound specific carbon isotope analysis was carried out using GC/IRMS (Gas Chromatography/ Isotope Ratio Mass Spectrometry). GC/IRMS is a powerful tool to identify the source of the spilled oil. Though our tar ball samples have significant amount of biomarker signatures and also yielded the possible diagnostic ratios, yet we are unable to differentiate the actual source (SEACO or BH). Therefore, we subjected all the six tar ball samples and one BH sample to carbon isotope analysis of individual alkanes. The results showed that the average δ 13 C value of alkanes of all the tar ball samples fall within the range of -28.05 to -30.49, whereas, for BH, the average value is -33.05 (Fig. 7) . Thus, we concluded that the present tar balls are not originated from the Bombay High crude oil. Also, Fig. 7 shows that the tar balls are consistent with each other, indicating that the tar balls have originated from a single source. Therefore, we can now confirm through the cross-plot diagram (Fig. 6 ) that the tar ball samples that are deposited along the Goa beaches during 2010 and 2011 are originated from the SEACO.
Conclusions
Based on the diagnostic ratios of n-alkane and hopane analysis, it is concluded that the tar balls that were The Middle East countries on the north west of the Arabian Sea are rich in oil producing fields. But, there is a good demand for SEACO in these countries (Zakaria et. al, 2001) . The SEACO oil is transported to the Middle East countries through the Arabian Sea. It is possible that the tankers that are going to the Middle East with SEACO are likely to clean the tanks in the Arabian Sea. The resulting oil undergoes weathering process, leading to tar ball formation. With the arrival of SW monsoon, all the floating tar balls start moving towards the west coast of India, and eventually deposit on the nearby beaches in consistence with the circulation pattern. The
International Maritime Organization (IMO) has totally prohibited deballasting enroute. With strict enforcement of national and international pollution laws and alert vigilance by national authority, it is possible to control the occurrence of tar balls on the Goa coast. Fig. 1(a) . Tanker routes from Middle East to Japan and Bombay High oil rig (BH) in the Arabian Sea (b).
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